Ketopatoate reductase (KPR) is the second enzyme in the pantothenate (vitamin B 5 ) biosynthesis pathway, an essential metabolic pathway identified as a potential target for new antimicrobials. The sequence similarity among putative KPRs is limited and KPR itself belongs to a large superfamily of 6-phosphogluconate dehydrogenases. Therefore, it is necessary to discriminate between true and other enzymes. In this paper, we describe a systematic analysis of putative KPRs in the context of this superfamily. Detailed structural analysis allowed us to define key residues for KPR activity and we classified eight structural genomics structures of the KPR family into four functional subclasses. We proposed a semi-automatic protocol, using sequence-structure homology recognition scores, for assigning KPR and related proteins to these subclasses and applied it to a representative set of 103 completely sequenced bacterial genomes. A similar approach can be applied to other enzyme families, which would aid the correct identification of drug targets and help design novel specific inhibitors.
Introduction
Ketopantoate reductase (KPR, E.C. 1.1.1.169) is the second enzyme in pantothenate biosynthesis pathway (Webb et al., 2004 (Webb et al., , 2007 and catalyzes the NADPH-dependent reduction of ketopantoate to pantoate Blanchard, 2000a, 2000b) . The pantothenate biosynthesis pathway has been proposed as a potential target for designing new defenses against antibiotic-resistant pathogens (Gerdes et al., 2002) . Genetic studies have supported this proposal, showing that a pantothenate auxotroph of Mycobacterium tuberculosis fails to establish chronic infections in mice (Sambandamurthy et al., 2002) . While the enzyme from Pseudomonas maltophila was the first to be purified (Shimizu et al., 1988) , the Escherichia coli KPR (ecoPanE), encoded by the panE gene, is the best characterized enzyme to date (Matak-Vinkovic et al., 2001; Lobley et al., 2005; Ciulli et al., 2007) . Apart from E.coli and P.maltophila KPRs, only Salmonella typhimurium and Saccharomyces cerevisiae KPRs have been characterized experimentally (King and Wilken, 1972; Frodyma and Downs, 1998) .
Many other genomes have genes annotated as putative KPRs, such as Staphylococcus aureus and Bacillus subtilis. The sequence similarity among these putative KPRs is limited on the one hand and yet on the other, KPR is a member of the 6-phosphogluconate dehydrogenase superfamily, and this superfamily itself belongs to an extremely large and diverse group of NAD(P)-binding Rossmann-like dehydrogenases. The 6-phosphogluconate dehydrogenase superfamily includes other enzymes such as acetohydroxy acid isomeroreductase and short-chain L-3-hydroxyacyl-CoA dehydrogenase and indeed, it has been reported recently that NADH-dependent D-2-hydroxyacid dehydrogenases from Enterococcus faecalis IAM10071 and Lactococcus lactis are incorrectly annotated as PanE (KPR) (Wada et al., 2008; Chambellon et al., 2009) .
Therefore, a question arises as to whether these putative KPRs are genuinely involved in pantothenate biosynthesis and are suitable targets for new antimicrobials. In other words, it is necessary to discriminate between true KPRs and non-KPRs. This question has deeper implications for understanding the evolution and mechanisms of action of enzymes; namely, how one can predict subtle differences in cofactor binding and substrate specificity from available sequence and structural information.
Assigning enzymatic function to proteins identified in genome sequencing efforts is challenging, in part because there is no simple relationship between measures of sequence similarity and protein function (Rost, 2002; Tian and Skolnick, 2003; Addou et al., 2009) . To overcome this problem, sequence-based approaches have been developed by combining results derived from functional domains, evolutionary information and protein interactions (Shen and Chou, 2007; Espadaler et al., 2008; Wass and Sternberg, 2008; Arakaki et al., 2009) . A second class of methods depends on the identification of specific structural patterns associated with functional sites (Ondrechen et al., 2001; Cammer et al., 2003; Arakaki et al., 2004; Laskowski et al., 2005; Polacco and Babbitt, 2006; von Grotthuss et al., 2006; Kristensen et al., 2008; Neuwald, 2009; Redfern et al., 2009) , or utilize in silico docking (Hermann et al., 2007; Kalyanaraman et al., 2008) , but these methods require that the query protein's structure be solved. Other approaches are based on the analysis of protein properties such as tissue specificity, subcellular location and phylogenetic information (Syed and Yona, 2009) or genome context and other functional association evidence (Kharchenko et al., 2006) .
Most of these methods use the Enzyme Commission (EC) (Webb and NC-IUBMB, 1992 ) numbers or Gene Ontology (Ashburner et al., 2000) terms as the definition of enzymatic functions and have been benchmarked based on these classification schemes. However, what is desired for function prediction varies from family to family and also depends on the application, where the optimal functional classification does not always correspond to any of the existing classification schemes. In some cases, for example, it is required to distinguish stereochemical or other detailed properties of catalyzed reactions among close homologs, where these differences arise from small changes in protein sequence and structure.
In this paper, we address the question of discriminating true KPRs and non-KPRs and describe a systematic analysis of putative KPRs in the context of the superfamily of 6-phosphogluconate dehydrogenases. Our analysis begins with a demonstration that conventional sequence similarity searches fall short of distinguishing the enzyme families and subfamilies within this superfamily. We then focus on the KPR family, exploiting the fact that eight structural genomic structures are now available as novel members of this family. Detailed structural analysis allows us to define key residues and we classify these eight structures into four functional subclasses. We propose a semi-automatic protocol, using sequence-structure homology recognition scores from FUGUE (Shi et al., 2001) , for assigning KPR and related proteins to subclasses. FUGUE uses environment-specific substitution tables for quantifying weak sequence similarity and has been shown to detect distantly related homologs more efficiently than conventional sequence-based homology methods. We apply our protocol to a representative set of 103 completely sequenced bacterial genomes.
Materials and methods

Sequence and structural analysis
Analyzed sequences were downloaded from UniProtKB (http:// www.uniprot.org/ (Consortium, 2009) . Multiple sequence alignments were created using PROMALS3D (http://prodata. swmed.edu/promals3d/ Pei et al., 2008) and Clustalw2 (Larkin et al., 2007) . Percentage sequence identities (PIDs) were calculated using the program LALIGN (http://www.ch.embnet.org/ software/LALIGN_form.html; Huang and Miller, 1991) from global alignment with default parameters.
Secondary structure predictions were made using PSIPRED at the UCL server (http://bioinf.cs.ucl.ac.uk/ psipred/; Bryson et al., 2005) . The coordinates of the analyzed protein structures were downloaded from the RCSB Protein Data Bank (PDB) (http://www.pdb.org; Berman et al., 2000) . MUSTANG (A MUltiple STructural Alig Nment algorithm; http://www.cs.mu.oz.au/~arun/mustang/; Konagurthu et al., 2006) and the protein structure comparison service SSM (http://www.ebi.ac.uk/msd-srv/ssm; Krissinel and Henrick, 2004) were used for protein structure comparison. Protein-ligand interactions were analyzed using LIGPLOT (Wallace et al., 1995) and NCONT from the CCP4 suite (Potterton et al., 2004) .
Sequence-based function transfer using BLAST
To examine whether conventional sequence similarity searches can discriminate families and subclasses within the 6-phosphogluconate dehydrogenase superfamily, the amino acid sequence of each of the known family members was queried against UniProtKB/Swiss-Prot using BLASTp (Altschul et al., 1997) . The top hits with an e-value ,1e210 were collected and the EC numbers assigned to them by the ENZYME database (Bairoch, 2000) were examined (for details see Supplementary Table SI) .
Genome-wide search
To identify putative KPRs in genomes using the semiautomatic procedure proposed (see Results and discussion), the ORFs of a representative set of 103 completely sequenced genomes were downloaded from RefSeq (Pruitt et al., 2007) . These organisms cover diverse categories of bacteria.
To refine the FUGUE Z-score thresholds and key residues (see Results and discussion), we carried out the following steps: (i) We collected putative KPRs from the bacterial subset of UniProtKB (release 15.8) using text searches with '2-dehydropantoate 2-reductase', 'KPA reductase' and 'Ketopantoate reductase' and obtained the union of all hits. A total of 1472 sequences were selected after removal of fragment sequences; (ii) we obtained the Z-scores for these sequences using the structural profile of KPR calculated from two structures (ecoPanE and 3EGO) and one sequence (UniProtKB P37402). The Z-scores ranged between 0.60 and 64.02 and they were binned with an interval of 5; and (iii) sequences from each bin were analyzed separately by checking the conservation of selective cofactor and substrate binding residues and motifs in the FUGUE alignments.
Genome-wide presence of enzymes (PanB, PanC and PanD) involved in pantothenate biosynthesis was checked by using KEGG (http://www.genome.jp/kegg; Kanehisa et al., 2008) .
Results and discussion
Analysis of 6-phosphogluconate dehydrogenases superfamily
The SCOP (Andreeva et al., 2008) superfamily of 6-phosphogluconate dehydrogenase C-terminal domain-like consists of 12 families, which are mainly oxidoreductases (Table I) . Of the 12 families, three (Families 3, 10 and 11) consisted of only one enzyme (as defined by a four-digit EC number) and these enzymes were well separated by BLAST from the other families belonging to this superfamily (see Materials and methods). One family (Family 2) had multiple BLAST hits with EC numbers differing at the fourth level but this merely reflected that these enzymes had been extensively studied because of their industrial importance. It is well established that all these members form a single family. Therefore, we considered this family to consist of only one class. Two other families (Families 8 and 12) had two enzymes and the BLAST searches were unable to discriminate them. These family members may have wide specificity about their substrates and/or cofactors; according to the K m values given by the BRENDRA database (Chang et al., 2009) for the enzymes of these families. For this reason, no further analysis was attempted for these two families. One family (Family 5) contained only a hypothetical protein.
The remaining five families (Families 1, 4, 6, 7 and 9) had either multiple enzymes of known structure or a single enzyme of known structure having close homologs in the Family 7: sequence database. In all these five families, the BLAST searches were unable to distinguish these enzymes or close homologs, as their overall fold and substrates were similar to each other ( Supplementary Fig. S1 ). We also attempted to discriminate these enzymes and close homologs using HMM-based profiles from Pfam (Finn et al., 2008) , PANTHER (Thomas et al., 2003) and TIGRFAMs (Haft et al., 2003) . However, these profiles contain sequences of a larger group of related enzymes and cannot be used for discriminating the individual enzymes (Table I) . More details will be described below.
Hydroxyisobutyrate and 6-phosphogluconate dehydrogenase domain (Family 1). Two of the enzymes in this family, 3-hydroxyisobutyrate dehydrogenases (EC 1.1.1.31) and tartronate semialdehyde reductase (EC 1.1.1.60) share similar overall structures and substrates and the sequence similarity searches were unable to distinguish them. Given no structures in complex with substrates (Lokanath et al., 2005; Osipiuk et al., 2009) , no further analysis was attempted.
HCDH C-domain-like family (Family 4). Currently, SCOP lists multiple structures but they all share a single EC number (1.1.1.35). Using mitochondrial hydroxyacylcoenzyme A dehydrogenase (HCDH; EC 1.1.1.35; Q16836) from Homo sapiens as a query, a BLASTp search against the UniProtKB/Swiss-Prot database produced high-scoring hits including three different enzymes: probable 3-hydroxybutyryl-CoA dehydrogenase (EC 1.1.1.157; Q9RVG1) from Deinococcus radiodurans with an e-value of 6e263, long-chain 3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.211; P40939) from Homo sapiens with an e-value of 2e238 and lambda-crystallin homolog (EC 1.1.1.45; Q9Y2S2) from Homo sapiens with an e-value of 3e217. Similar results were obtained when other known members of this family were used as queries.
To confirm that these enzymes belong to this family, we performed more sensitive fold recognition searches using FUGUE. The two new sequences produced the highest Z-score (.23, where Z . 6 corresponds to 99% confidence) for the known members of this family and significantly lower Z-scores for the other structures. Therefore, we identified three new members (EC 1.1.1.157, 1.1.1.211 and 1.1.1.45) of the HCDH C-domain-like family. However, neither BLAST nor FUGUE was able to distinguish these subclasses by using sequence similarity or sequence-structure compatibility scores alone. Since no reported structure was available for EC 1.1.1.157, 1.1.1.211 and 1.1.1.45, we decided not to carry out more detailed analysis on this family.
UDP-glucose/GDP-mannose dehydrogenase dimerization domain (Family 6). Sequence similarity searches were unable to distinguish the two enzymes in this family, UDP-glucose dehydrogenase (EC 1.1.1.22) and GDP-mannose 6-dehydrogenase (EC 1.1.1.132). Only one unique structure for each enzyme was available, where the substrate recognition was achieved primarily through mainchain interactions (Campbell et al., 2000; Snook et al., 2003) and thus, it would be difficult to achieve sequence-based (i.e. using the side-chain type) discrimination. For this reason, no further analysis was attempted. Family 7) . Currently, SCOP lists one structure, opine dehydrogenase from Arthrobacter sp. (strain 1C) (PDB 1bg6 (Britton et al., 1998) ; EC 1.5.1.28). Using this sequence (Q44297) as a query, a BLASTp search against the UniProtKB/Swiss-Prot database produces a high-scoring hit to another two enzymes, D-lysopine/D-octopine dehydrogenase (EC 1.5.1.11/ 1.5.1.16; P0A395) from Agrobacterium tumefaciens (strain 15955) with an e-value of 4e218 and D-nopaline dehydrogenase (EC 1.5.1.19; Q44524) from Agrobacterium vitis (Rhizobium vitis) with an e-value of 1e211. Due to dual specificity and lack of available structural information, no further analysis was attempted for D-lysopine/D-octopine dehydrogenase.
Using the sequence of D-nopaline dehydrogenase, FUGUE produced the top hit to opine dehydrogenase (PDB 1bg6) but its Z-score (8.0) was not as high as in the HCDH C-domain-like family described above. Therefore, we were unable to rule out the possibility that D-nopaline dehydrogenase was a new family of this superfamily, rather than a subclass of the N-(1-D-carboxylethyl)-L-norvaline dehydrogenase family.
Ketopantoate reductase PanE (Family 9). Although only one structure, that of ecoPanE (EC 1.1.1.169), is known, a BLAST search identified several closely related but different enzymes (EC 1.1.1. -). Unlike the other families briefly described above, detailed experimental data (including those from site-directed mutagenesis) were available for some of these enzymes (Zheng and Blanchard, 2000a) , and structures in complex with ligands (Ciulli et al., 2007) enabled us to define key residues (see below). Combined with the medical importance of KPR, we decided to perform more detailed analysis of this family and test our approach to discriminating subtle differences in function.
Selection of key function-determining residues and manual classification of KPRs and its close homologs
Crystal structures of ecoPanE have been determined, in the apo form (Matak-Vinkovic et al., 2001 ) and in complex with NADP þ (Lobley et al., 2005) and pantoate (Ciulli et al., 2007) . The enzyme is monomeric and is composed of the N-terminal coenzyme-binding domain and the C-terminal substrate-binding domain separated by a large cleft. The N-terminal domain has an ab Rossmann-type fold featured in many nucleotide-binding proteins, with a glycine-rich region ( 7 GCGALG 12 ) for coenzyme recognition. The C-terminal substrate-binding domain is composed of eight a-helices and has a core of two long antiparallel helices (Fig. 1A) , which is a common motif within the 6-phosphogluconate dehydrogenase superfamily.
Structural genomics projects have determined eight X-ray crystal structures of putative KPRs from B.subtilis (PDB code: 3EGO), E.faecalis V583 (PDB code: 2EW2), Geobacter metallireducens GS-15 (PDB code: 3HN2), Methylococcus capsulatus (PDB code: 3I83), Ralstonia eutropha JMP134 (PDB code: 3HWR), Ralstonia solanacearum molk2 (PDB code: 3GHY), S.aureus strain Mu50 (PDB code: 3G17) and Porphyromonas gingivalis w83 (PDB code: 2QYT), but none has been reported/published yet (Table II) . All the structures are in an apo form, excluding 3HWR, which is complexed with NADPH. They adopt an overall fold similar to that of ecoPanE, although the relative orientations of the two domains vary considerably (Fig. 1B , Table III ). Both open and closed forms have been observed in the crystal structures of ecoPanE. A hinge bending motion between the N-and C-terminal domains has been observed, which triggers the switch of the essential Lys176 to form a key hydrogen bond with the C2 hydroxyl of pantoate (Ciulli et al., 2007) .
Like many NAD(P)-dependent dehydrogenases, all eight crystal structures possess the N-terminal domain of the Rossmann-fold-like ab structure, with a consensus motif, GXGXXG (where X can be any amino acid) for the nucleotide-binding site in the tight b1/a1 turn of this domain ( Fig. 2A) . This observation suggests that all eight structures are putative NAD(P)-dependent dehydrogenases.
The b2/a2 loop of this domain is known to be responsible for NADH-NADPH discrimination by NAD(P)-dependent dehydrogenases (Carugo and Argos, 1997) . In the ecoPanE structure, the guanidino group of Arg31 in the b2-b3 loop forms a hydrogen bond with the 2 0 -phosphate of the NADP adenine ribose (Ciulli et al., 2007) . Although this Arg is known to be responsible for NADP specificity, S.typhimurium PanE ( Fig. 2A) has an equivalent Arg and still utilizes both NAD and NADP (Frodyma and Downs, 1998) . Given the limited amount of experimental data, we have not attempted to predict NADPH and/or NADH dependency. To explore the substrate-binding site, we compared the C-terminal domains of putative KPRs with that of ecoPanE. In all nine structures (eight putative structures and ecoPanE), residues essential to the catalytic function, such as Lys176 and Glu256, are highly conserved ( Fig. 2B ; residue numbering based on ecoPanE hereafter). The residues in the 2-ketoacid (O1, O2 and O3 of pantoate)-binding site (Lys176, Asn180, Asn184, Ser244 and Asn98 from the N-terminal domain) are conserved in all the structures except for 2QYT. In 2QYT, Asn180 and Asn184 are replaced by hydrophobic residues (Fig. 2B) , suggesting that 2QYT may not use 2-ketoacids as substrates.
Pantoate is distinguished from other common 2-ketoacids by the presence of O4 atom. The pantoate C4 hydroxyl (O4) is hydrogen bonded with the side-chain amide of Asn194 in both the open (chain A of 2OFP) and closed (chain B of 2OFP) forms of ecoPanE. The hydrogen bond with the O4 atom of pantoate is crucial because it stabilizes the KPR substrate side chain. In the closed ternary complex, Asn241 forms an additional hydrogen bond with pantoate O4 as well as with NADP þ . In the experimentally characterized KPRs from E.coli, S.typhimurium and S.cerevisiae, Asn occupies these two key positions. In most of their close homologs, which are likely to possess the KPR activity, a polar residue (most frequently Asn) is conserved at these positions. In addition, the residues in the C3 dimethyl group (C4 and C5 of pantoate)-binding site (consisting of Val179, Ile183, Val234 and additionally side chains of Thr119 and Thr238 in the closed form) are conserved in the known KPRs.
Of the putative KPR structures, 3EGO has Asn194 and Asn241 and all the C3 dimethyl group-binding residues. Therefore, we conclude that 3EGO is KPR (i.e. the bona fide PanE of B.subtilis) and call it bsuPanE hereafter. 3HWR shows a slightly weaker pattern (with no Asn but polar residues at the equivalent positions of Asn194 and Asn241, and one (Ile183) of the C3 dimethyl groupbinding residues replaced by a polar residue) but it is still likely to belong to this functional subclass (Figs 2B and 3). It has been reported recently that NADH-dependent D-2-hydroxyacid dehydrogenases (hdhD) from E.faecalis IAM10071 and Lactococcus lactis are incorrectly annotated as PanE (KPR). These enzymes showed the highest catalytic efficiencies with 2-ketoisocaproate, 2-ketoisovalerate and benzoylformate, but did not exhibit KPR activity (Wada et al., 2008; Chambellon et al., 2009) . In these sequences, a hydrophobic residue is conserved at the position equivalent to Asn194 of ecoPanE and His is conserved at the position equivalent to Asn241. In D-2-HicDH from Lactococcus lactis, His has been shown to play a role in catalysis. Of the putative KPR structures, 2EW2 conforms to this sequence pattern and is likely to recognize strictly 2-ketoacid substrates with a hydrophobic (aliphatic or aromatic) side chain ( Figs 2B and 3) .
The remaining structures have ambiguous patterns and cannot be classified into one or the other conclusively. In summary, we can classify these eight structures in a hierarchical manner into four subclasses, using the key function-determining residues highlighted in Fig. 2 . The first distinguishing feature is whether the substrate is 2-ketoacids or not. As described above, 2QYT is unlikely to bind to 2-ketoacids, since Asn 180 and Asn 184 are replaced by hydrophobic residues (Fig. 2, green boxes) , and this protein would form a distinct subclass (non-2-ketoacid binders; subclass 1). The other proteins can be further grouped into three types. The first type possesses strict KPR activity and includes 3EGO (bsuPanE) and 3HWR (strict KPR; subclass 2). The second type possesses no KPR activity and instead recognizes 2-ketoacides with a bulky hydrophobic side chain. This is achieved by the substitutions of Asn194 and Asn241 with a hydrophobic residue and His, respectively (Fig. 2, blue boxes) . 2EW2 (with known sequences of D-2-hydroxyacid dehydrogenases from E.faecalis IAM10071 and Lactococcus lactis) belongs to this type (hdhD-like; subclass 3). The third type (subclass 4) is ambiguous and could possess dual specificity; they may recognize both pantoate and 2-ketoacids with a hydrophobic side chain, although so far no such activity has been confirmed experimentally.
We compared our key residues with those obtained from two community resources, Catalytic Site Atlas (CSA) (Porter et al., 2004) and the Evolutionary trace server (http:// mammoth.bcm.tmc.edu/ETserver.html; Mihalek et al., 2006) . The automatically identified functional residues missed Asn194/Asn241 or Val179/Ile183/Val234 and were a subset of the key residues that we created manually. CSA annotated 2QYT and 3G17 as non-KPR, whereas we classified the former into subclass 1 and the latter into subclass 4.
A semi-automated protocol for detecting putative KPRs
The analysis presented so far involved detailed manual examination. To detect putative KPRs at the genome scale, a more high-throughput method will be necessary. The HMM-based profiles currently available from Pfam Cross-structure statistics: SSM Q-score in upper triangle and PIDs in lower triangle. Multiple structural alignments were generated using SSM server. Detecting subtle differences of closely related enzymes (PF02558 and PF08547 for the N-and C-terminal domains, respectively), PANTHER (PTHR21708:SF21) and TIGRFAMs (TIGR00745) contain sequences belonging to all the four subclasses and thus, cannot be used for distinguishing them (and creating new reliable HMMs would be difficult because of the small number of known positive sequences for each subclass). Based on the results in the previous section, we have developed a semi-automatic protocol and applied it to a representative set of completed bacterial genomes, as at present only bacterial KPR structural information is available.
The protocol uses the Z-scores produced by the sequence-structure homology recognition software FUGUE and the presence or absence of the key function-determining residues, as defined in the previous section. Detailed methods are described in Supplementary text and Supplementary  Fig. S2 . Briefly, we assumed that at least one structure was available for each functional subclass considered and created a FUGUE profile from the structure. (FUGUE uses environment-specific substitution tables and can generate a position-specific score matrix, or profile, from a single structure.) Using a set of sequences already classified into the subclasses, two Z-score thresholds were determined for each functional subclass: z1, the lowest Z-score produced by the sequences belonging to the target functional subclass and z2, the highest Z-score produced by the sequences in any other lactis (Streptococcus lactis)) were downloaded from UniProtKB. Starting residue numbers are shown in parentheses. The GXGXXG motif, cofactor-binding (position Arg31 and Arg253 of ecoPanE) and substrates-binding residues are shaded in gray. Missing residues in 2QYT and 3GHY are shaded in yellow. Prefix sub1-4 refers to subclasses 1-4, respectively; residues that discriminate subclass 1 from the others are highlighted in green boxes. Subclass 2 and 3 discriminating residues are highlighted in blue boxes. The alignment is annotated with JOY (Mizuguchi et al., 1998) with the following formatting convention: red, a helices; blue, strands; upper case letters, solvent inaccessible; lower case letters, solvent accessible; bold type, hydrogen bonds to main-chain amides; underlining, hydrogen bonds to main-chain carbonyls; italic, positive main-chain torsion angles f. functional subclass. If a query sequence produced a score between z1 and z2, the judgment was made based on the presence or absence of the key function-determining residues, characterizing each subclass.
We tested the performance of our protocol using four-digit EC numbers as the definition of functional subclasses on a subset of the test data compiled by Capra and Singh (2008) and Rottig et al. (2009) . For the 12 Pfam families selected, our protocol correctly discriminated the functional subclasses (Supplementary Table SII) .
To apply this protocol to KPR, we needed to define the Z-score thresholds, since the preparation of known examples (step 1 in Supplementary Fig. S2A ) and the determination of key function-determining residues and manual reclassification (step 2 in Supplementary Fig. S2A ) were already described above. We have selected a representative structure, each for non-2-ketoacid binder (subclass 1), strict KPR (subclass 2) and hdhD-like (subclass 3) and created a structural profile using FUGUE. (For subclasses 2, the profile was enriched with the sequence of experimentally characterized S.typhimurium KPR.) Because subclass 4 ('ambiguous') included proteins with potentially different functions, we excluded it from the profile-making. Thus, we created three profiles and determined the Z-score thresholds, z1 and z2, for the three subclasses as follows: 79.3 and 22. 9 for subclass 1, 19.2 and 20.9 for subclass 2 and 61.0 and 21.6 for subclass 3. We applied these thresholds and the prediction criteria described in Supplementary Fig. S2B to 13 sequences (eight structural genomics proteins, three known KPR from E.coli, S.cerevisiae and S.typhimuriu and two known hdhD-like proteins). All nine proteins, belonging to subclasses 1-3, were successfully classified into their own subclasses and all four proteins of subclass 4 were not assigned to any of the three subclasses.
Predicting putative KPRs in completed genomes. The Z-score thresholds for subclass 2 produced a very narrow range compared with the other subclasses (for details see the previous section). Thus, before applying our protocol to completed bacterial genomes, we further tested it on 1472 KPR and putative KPR sequences from UniProtKB. The purpose of this analysis was to refine the Z-score thresholds and the key residues to obtain more reliable discrimination criteria. Since manually examining many sequences is time consuming and our primary objective was to identify true KPRs, we decided to focus on the binary classification, strict KPR (subclass 2) or not, for the subsequent analysis. Figure 4 shows the distribution of FUGUE Z-scores for 1472 KPR and putative KPR sequences with the structural profile for subclass 2 (strict KPR). The white triangles indicate the original threshold values z1 and z2, determined in the previous section. We examined the hits with Z-scores around these thresholds for the presence or absence of the key functional residues and for any available functional information from the literature.
In the region below z1, three sequences were found to possess all the key function-determining residues for subclass 2. The lowest-scoring hit was C6W1F5 at Z ¼ 13.28. In the region with Z , 10, all the sequences showed the residue pattern for non-2-ketoacid binders. For example, A8TQC8 (Z ¼ 0.60) has InterPro domain assignments all related to inositol monophosphatase but is incorrectly annotated as a putative KPR in UniProtKB. Four other hits (Q3EX80, A3RQN4, Q2LXP7 and Q3ETZ9) are annotated as putative ketol-acid reductases (E.C. 1.1.1.86). Only for C6MGS2 (Z ¼ 9.71), a weak substrate recognition pattern was observed. In the region with Z . 25, almost all the sequences had all the key residues for subclass 2 conserved. Only two exceptions, A4W796 (Z ¼ 57.09) and B1EKR3 (Z ¼ 56.92), await experimental verification, where the equivalent position of Asn180 (of ecoPanE) is replaced by Ser. Following these observations, we adjusted the z1 and z2 thresholds to be 10 and 25, respectively, and redefined the key residues for characterizing subclass 2 as the following: the equivalent residues of Asn194 and Asn241 should be any polar residues and the equivalent residues of Val179, Ile183 and Val234 should be any hydrophobic residues.
Using the refined criteria, we scanned 103 completed bacterial genomes (Table IV) . The presence of the pantothenate pathway was examined for all 103 genomes and the final results are summarized in Table V Of the 103 genomes, 60 had no hit above Z ¼ 10 and were automatically predicted not to possess KPRs. Nine genomes had hits with Z-score .25 and were predicted to have KPRs. All of the genomes with predicted KPR are likely to possess the pantothenate pathway according to the KEGG database. Thirty-four genomes had top hits with 10 ,Z-score 25 and these hits were manually examined for the presence of the function-determining residues.
Of the 34 genomes, two were predicted to possess KPR, as the sequence of the candidate protein conformed to the strict KPR pattern. The top hits for 17 genomes were judged to be non-KPR. The top hits for the remaining 15 genomes were 'ambiguous'. For these 15 genomes, no strict conservation was observed for Asn180, Asn184 and Ser244, which would recognize 2-ketoacid, and Asn194 and Asn241, which would recognize the polar side chain of pantoate, but these positions were not replaced by hydrophobic residues, a hallmark of the non-KPR subclasses (such as subclass 3). We thus concluded that the 15 sequences possessed a weak KPR pattern.
Of the 77 (¼ 60 þ 17) genomes with no KPR detected, 45 are likely to possess the pantothenate pathway. In these organisms, the KPR activity may be carried out by another enzyme, as in a Gram-positive bacterium Corynebacterium glutamicum (Merkamm et al., 2003) . An enzyme of valine and isoleucine biosynthesis, acetohydroxy acid isomeroreductase (AHIR, EC 1.1.1.86), encoded by ilvC in S.typhimurium, can catalyze the same reaction as KPR, albeit less efficiently (Frodyma and Downs, 1998) . All 26 (¼ 9 þ 2 þ 15) genomes with KPR, including 15 potential hits with a weak KPR pattern, are likely to possess the pantothenate pathway. No genomes analyzed appeared to have had more than one copy of genuine KPR. Of the 103 genomes, 26 had only one likely KPR, which was normally the highest scoring hit, and other high-scoring hits (with Z . 10) within the same genome are unlikely to possess the KPR activity, as judged from the analysis described above.
Conclusions
We described a systematic analysis of putative KPR in the context of the superfamily of 6-phosphogluconate dehydrogenases. We first showed to what extent conventional sequence similarity searches were able to distinguish the enzyme families and subclasses within this superfamily. Our systematic analysis of putative KPRs, then, led to the classification of eight structural genomics structures into four functional subclasses.
Based on the available structural and sequence information, we proposed a semi-automatic protocol, using sequence-structure homology recognition scores and the key residues, and applied it to detecting strict KPR at the genome level. Of 103 completed bacterial genomes, we predicted 26 to have KPR and the pantothenate biosynthesis pathway. This number is smaller than that in KEGG, and our annotations would be more reliable than those obtained using sequence profiles available from public resources, since these profiles do not distinguish the functional subclasses we defined.
Advances in sequencing and structural genomics projects may produce a situation, where a given enzyme family consists of many putative enzymes with sparse and distinct examples of experimentally characterized functions. Our approach can be applied to such enzyme families, for which the functional classification can be ambiguous and it is necessary to detect subtle differences in function, which may be attributed to only a few amino acid changes. Our results would eventually aid the correct identification of drug targets and help design novel specific inhibitors.
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